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Since oxide materials like Sr2FeMoO6 are usually applied as thin films, we studied the effect of
biaxial strain, resulting from the substrate, on the electronic and magnetic properties and, in partic-
ular, on the formation energy of point defects. From our first-principles calculations, we determined
that the probability of forming point defects – like vacancies or substitutions – in Sr2FeMoO6 could
be adjusted by choosing a proper substrate. For example, the amount of anti-site disorder can be
reduced with compressive strain in order to obtain purer Sr2FeMoO6 as needed for spintronic appli-
cations, while the formation of oxygen vacancies is more likely for tensile strain, which improves the
functionality of Sr2FeMoO6 as a basis material of solid oxide fuel cells. In addition, we were also be
able to include the oxygen partial pressure in our study by using its thermodynamic connection with
the chemical potential. Strontium vacancies become for example more likely than oxygen vacancies
at a pressure of 1 bar. Hence, this degree of freedom might offer in general another potential method
for defect engineering in oxides besides, e.g., experimental growth conditions like temperature or
gas pressure.
I. INTRODUCTION
Lattice imperfections like point defects can be crucial
for the functionality of novel materials. They can de-
stroy desired properties but might also improve or even
just allow new functionalities. A good example is the
double perovskite material Sr2Fe1+xMo1−xO6−δ, where
x symbolizes non-stoichiometry at the B/B′ site and δ
oxygen-deficiency (general formula A2BB
′O6). It is a
versatile material, which is throughout literature consid-
ered for several potential applications.
For example, the half-metallic character of Sr2FeMoO6
(SFMO), which is experimentally observed as promising
high spin polarization [1], is a highly desired property in
order to access spintronics [2, 3]. Besides, SFMO shows
a low-field magnetoresistance response, a magnetic tran-
sition above ambient temperatures [4], and a high mag-
netic moment per functional unit in a range of 2.2µB/f.u.
to 3.9µB/f.u. [5–8]. Nevertheless, a successful utilization
of SFMO is still problematic, since the theoretical pre-
dicted half-metallicity [9], which is one requirement of its
high spin polarization, is usually diminished or even lost
in thin film samples of Sr2FeMoO6 [10–13]. These dete-
rioration effect was attributed to doping, defects, grain
boundaries, or parasitic phases, so that, e.g., the sat-
uration magnetization becomes strongly reduced com-
pared with its theoretically expected value. The latter
should be 4µB/f.u. arising from the spin quantum num-
ber of S = 5/2 of the Fe3+ ions and the antiparallel cou-
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pled electrons with S = 1/2 from the Mo5+ ions [9]. It
was verified in many theoretical studies, which shed light
upon the microscopic origins of the magnetic properties
of SFMO and their alterations [14–20]. While oxygen va-
cancies – a common observation in transition metal ox-
ides – seem not to interfere with the spin polarization of
SFMO [13, 20–22], the stoichiometry preserving exchange
of B and B′ atoms, so-called antisite disorder (ASD),
can strongly reduce the saturation magnetization, the
spin polarization [21–23], the magneto-transport prop-
erties [24, 25] or might even influence long range mag-
netic ordering [26, 27]. Hence, a synthesis of Sr2FeMoO6
samples is rather difficult because of a non-negligible con-
centration of defects. Therefore, there is a strong desire
to control the amount of defects in Sr2FeMoO6 samples
[11, 13].
On the other hand, the easy formation of oxygen va-
cancies in Sr2FeMoO6 makes it a good candidate as
mixed ionic electronic conductor in solid oxide fuel cells
(SOFC) [20, 28]. Experimental studies investigate its po-
tential as anodes with a non-stoichiometric ratio between
Fe and Mo [29, 30], while theoretical studies calculate the
oxygen diffusion [31] or the formation energy of oxygen
vacancies in bulk Sr2FeMoO6 [20].
Both applications utilize thin films of SFMO [13, 32],
where the substrate might cause epitaxial biaxial strain –
another factor deteriorating the desired properties of the
SFMO film [33]. Although very large biaxial strains could
theoretically induce a spin transition in bulk SFMO [34],
our recent study revealed not only that a compressive bi-
axial strain ∼ 1 % at SrTiO3 substrates does not show
any significant direct impact on the magnetic properties
of SFMO [13], but also that the amount of ASD and oxy-
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2gen vacancies is reduced compared to the observed defect
concentrations in the SFMO bulk target from which the
films were grown [13].
This increase of defect formation probabilities was an
interesting experimental finding. Hence, we want to
study the role of biaxial strain in SFMO further in more
detail. In particular, oxygen vacancies are one way for
various oxides to compensate tensile strain, since the ob-
served chemical expansion can accommodate parts of the
strain [35, 36]. It could mean therefore potentially room
temperature magnetism for SFMO thin films due to ten-
sile biaxial strain because oxygen vacancies were shown
to increase the Curie temperature in SFMO as well [37].
However, other point defect than oxygen vacancies
were only rarely discussed in literature on strained ox-
ide materials. We carried out density-functional the-
ory (DFT) calculations in order to study systematically
the structural and magnetic properties of SFMO includ-
ing various point defects under the influence of biaxial
strain, in particular, ASD and other vacancies. We ob-
serve strong variations of formation energies up to 1 eV
depending on the kind of considered defect allowing for
potential defect engineering with the decision for a par-
ticular substrate.
II. TECHNICAL DETAILS
Our calculations are performed using the Vienna ab
initio simulation package (VASP) [38, 39]. While we
present here only setup information, which are deviat-
ing from a standard VASP setup used, e.g., in previous
theoretical studies on SFMO [20, 22], we provide further
numerical details and parameters in the Supplemental
Material [40].
We used in our calculations the tetragonal unit cell
containing two functional units (f.u.) of Sr2FeMoO6
(Figs. 1a and 1b) and a supercell comprising 8 f.u. of
Sr2FeMoO6 – in total 80 atoms (Figs. 1c and 1d). Both
structures stabilize after numerical relaxation in the
space group I4/m, which is in agreement with experi-
mental observations and shows oxygen octahedra, which
rotate only slighly in the x − y plane and remain static
otherwise (Fig. 1). The Fe octahedra are rotated clock-
wise by β = 7.43◦ while the Mo octahedra rotate counter
clockwise.
Former theoretical studies [19, 20, 22, 34] discuss corre-
lation corrections GGA+U as the crucial factor in order
to obtain a total magnetic moment of 4.0µB/f.u., but we
will show below that this is also achieved with the fixed
spin moment (FSM) method [41, 42] and a GGA func-
tional alone. Besides, the band gap in the spin up chan-
nel obtained within the GGA+U approach is too wide
compared with experimental measured values of 0.5 eV,
1.3 eV [7, 40, 43].
The FSM method allows instead to treat the total en-
ergy as an explicit function of the magnetization. It was
in particular important for regions of large compressive
FIG. 1. (Color online) Considered lattice structures of
Sr2FeMoO6: (a) Tetragonal unit cell with I4/m symmetry
visualizing the octahedral environment of Fe and Mo formed
by the oxygen atoms with colored polyhedra. (b) Top view
showing the octahedra rotation denoted as β and counted in
clockwise direction for the Fe ion octahedron. (c) Side view
of the 2× 2× 1 supercell with 8 f.u. used for the defect calcu-
lations. (d) Top view of the supercell in (c) from the gray xy
layer downwards.
or tensile strain where the total energy landscape can be
strongly varied and where it becomes more difficult to
ascertain the exact magnetic moments of individual ions.
III. GROUND STATE PROPERTIES WITH
FIXED SPIN MOMENT METHOD
At first, we studied defect-free SFMO in order to
demonstrate that the FSM approach is able to repro-
duce the correct structural ground state properties of
SFMO. Therefore, as a benchmark calculation, we im-
posed with FSM a magnetic moment on the defect-free
tetragonal SFMO unit cell and calculated the total en-
ergy in order to search for the most stable spin configu-
ration. The configuration with a net magnetic moment
(MM) of mgs = 4.0µB/f.u. had finally the lowest to-
tal energy and is, therefore, the ground state at 0 K for
defect-free unstrained SFMO. We have to note that this
ground state shows directly the half-metallic density of
states (DOS) with only spin down states at the Fermi
energy. The additional application of correlation correc-
tions within GGA+U (U = 4 eV on Fe-3d orbitals) on
3TABLE I. Structural properties of defect-free, unstrained
Sr2FeMoO6 with FSM: bulk modulus B0, Gru¨neisen constant
B′0, and the lattice parameters. The units are given in brack-
ets, while B′0 is dimensionless. Experimental results for poly-
crystalline Sr2FeMoO6 samples obtained at room temperature
vary in grain size from 50 nm or 100 nm [44] to ∼ 2µm [45].
GGA GGA+U Experiment [44, 45]
B0 (GPa) 147.42 152.80 266± 3 284± 6 331± 12
B′0 4.68 4.44 4.0 4.0 4.0
a (A˚) 5.5522 5.6378 5.5703 5.5791 5.5703
c (A˚) 7.9013 7.9731 7.7879 7.8698 7.8832
grain size (nm) ∼ 2000 100 50
TABLE II. Single crystal elastic constants cij of defect-free,
unstrained Sr2FeMoO6 with FSM written in Voigt notation
and in GPa.
c11 c12 c13 c33 c44 c66
GGA 230.32 77.70 108.93 244.42 45.48 63.95
GGA+U 245.54 82.97 109.00 267.97 48.489 76.61
top of FSM leads to a wider half-metallic band gap (from
1.3 eV to 2.4 eV), while the magnetic moment at the Fe
site increases from mFe = 3.6µB/f.u. to mFe = 3.8µB/f.u.
Indeed, also the corresponding lattice parameters of
defect-free SFMO at the ground state (a = b = 5.55 A˚
and c = 7.90 A˚) agree very well with various experimen-
tal results [11, 44–46] for the FSM method alone (Tab. I).
In fact, they are the same as the lattice parameters mea-
sured at 70 K [47] (a = 5.5521 A˚ and c = 7.9013 A˚). This
agreement is much better than what can be achieved by
the GGA+U method obtained earlier [19, 20, 34] (see
also our results in Tab. I).
We calculated also the bulk modulus B0 via the hydro-
static pressure but available experimental data [44, 45] is
much larger than the numerical value (Tab. I). However,
we note that these experimental bulk moduli were deter-
mined with polycrystalline samples and the bulk mod-
ulus decreases strongly by 65 GPa with increasing the
grain size from 50 nm to 2µm. We can interpret our
theoretical ab initio calculation as a kind of limit to the
infinite large grain size, which could then validate the
bulk modulus (147 GPa to 153 GPa) obtained in our and
former calculations [20]. Applying additional correlation
corrections (GGA+U) shows here only small variations
∼ 5 GPa (Tab. I).
Finally, we determined the elastic tensor of the tetrag-
onal structure by six independent single crystal elastic
constants: c11, c12, c13, c33, c44 and c66 (Tab. II). Experi-
mentally determined elastic constants were unfortunately
not available, but theoretical values for other double per-
ovskites do not deviate far from our results (Tab. II):
Ba2MgWO6 has c11 = 256.2 GPa, c12 = 85.8 GPa, c44 =
95.3 GPa, and B0 = 143.1 GPa [48]; or Sr2CaOsO6 has
c11 = 331.19 GPa, c12 = 77.47 GPa, c44 = 63.35 GPa,
and B0 = 162.04 GPa [49]. For GGA+U , the cij of
SFMO, except of c66, vary by less than ≤ 10 % (Tab. II).
We conclude that the GGA and FSM method are in-
deed a valid tool to calculate the ground state properties
for this particular magnetic material, while the additional
usage of correlation corrections does not influence the
ground state properties strongly or even describes them
wrongly. Hence, we applied the FSM in all further calcu-
lations including biaxial strain and/or defects: (a) We set
a total magnetic moment for the unit cell and calculated
the structural relaxation. (b) For a set of varying mag-
netic moments, we defined the structure with the lowest
total energy as the most stable structural and magnetic
configuration with total magnetic moment mgs. If needed
for reasons of comparison, we will mention explicitly the
use of correlation corrections (GGA+U).
IV. VARIATIONS IN BULK SFMO WITH
BIAXIAL STRAIN
In our previous study [13], only calculations at selected
biaxial strain values were considered. Here in the current
work, we continued with a comprehensive study of SFMO
for a larger range of biaxial strain going from −10 %
to 10 %. The structural and magnetic configuration at
zero strain is represented by the tetragonal ground-state
structure (Fig. 1a) as described above and the biaxial
strain was applied by fixing the in-plane lattice constants
(a = b) and relaxing the out-of-plane lattice constants (c)
and the internal parameters (Fig. 2). Although a similar
study was already published by Lu et al. [34], we present
the variations of the structural and magnetic properties
of SFMO with biaxial strain as the basis for the later dis-
cussion of the formation energy of point defects. In ad-
dition, we used a different numerical treatment – namely
the FSM method only – while Lu et al. [34] used the
GGA+U method with U = 4 eV.
At each applied biaxial strain, we ensured the true
ground-state properties using the FSM approach. We
characterized the corresponding structural variation by
analyzing the volume, Fe-O and Mo-O bond lengths, the
different height of Sr and O ions, and the octahedra ro-
tation angles with biaxial strain. As observed already for
other oxides [35, 36], SFMO does not follow the Poisson
ratio but rather its volume becomes reduced (increased)
for compressive (tensile) biaxial strain (Fig. 2a). The in-
plane (xy) and out-of-plane (z) Fe-O bond length (red
marks in Fig. 2b, distances d1 and d2 in Figs. 2e and
2f), vary considerably more than the Mo-O bond lengths
(black marks in Fig. 2b, distances d3 and d4 in Figs. 2e
and 2f), while their values of 2.053 A˚ and 1.951 A˚, re-
spectively, for unstrained SFMO agree well with experi-
mental values [46]. The bond lengths follow the natural
tendency, the in-plane contributions become smaller with
compressive biaxial strain and elongated for tensile biax-
ial strain, while it is vice versa for the out-of-plane bond
4FIG. 2. (Color online) Structural variation with biaxial
strain in the lattice constants a = b. (a) Variation of lattice
parameter c and the volume of the tetragonal cell. (b) The in-
plane (xy) and out-of-plane z bond lengths Mo-O and Fe-O.
(c) Octahedra rotation angle β, visualized in (f). (d) Out-
of-plane distances between Sr and O. (e)-(f) Visualization of
distances and angles in the tetragonal unit cell.
lengths. The oxygen ions hybridize stronger with the
4d states of Mo than with the 3d states of Fe. Already
Solovyev [50] found that a smaller Mo-O bond lenght
should be the natural state of SFMO. The bond lengths
are also connected with the rotation angles of the oxygen
octahedra (angle β in Fig. 2f). The rotation becomes
larger under compressive biaxial strain (Fig. 2c). Hence,
the additional octahedra rotation is another mechanism
in order to compensate the in-plane biaxial strain [35].
In z direction, the elongation caused by the compressive
in-plane strain causes the oxygen ions to hybridize even
stronger with Mo, while the Fe-O bond becomes much
larger (Fig. 2b). The octahedra experience even stronger
breathing distortions than in the ground state [50]. The
other oxygen ions in the xy plane of Sr-O avoid in a sim-
ilar way the compressive strain by relaxing out of that
plane (Fig. 2e). Interestingly, the oxygen ions do not re-
lax closer to the Fe ions but form an ideal plane with Sr
and relax out of the plane again for larger tensile strains.
These internal structural changes influence of course
magnetic and electronic properties as it was observed al-
ready earlier [34]. Using only the FSM methods, we ob-
tain only small variations for the experimental relevant
range of ±4 % biaxial strains. The Fe ions keep their
high spin state with a maximal local magnetic moment
of 3.63µB/f.u. at zero strain (unstrained SFMO), which
is only slightly diminished for both strains – compres-
sive or tensile – in agreement with the conclusions of Lu
et al. [34] (Fig. 3a). The same holds true for the an-
tiparallelly aligned magnetic moments at the Mo ions –
the absolute value is slightly reduced (Fig. 3b). The local
magnetic moments at the oxygen ions follow the opposite
tendency of their bond lengths with the Fe and Mo ions
(Fig. 2b). The local moment increases, if the bond length
is reduced, and decreases, if the bond length is elongated
(Fig. 3c).
The situation changes for compressive strains, which
are larger than −4 %. Here, we obtained a transition
to a completely metallic state because the band gap in
the majority spin channel ∆↑E closes (marked with a
vertical dashed line in Fig. 3d). With the compressive
biaxial strain, the Fe e↑g states are almost linearly shifted
towards the Fermi energy EF (see inset in Fig. 3h and
[40]). At that strain value when the Fe e↑g state “hits”
the Fermi energy, a kind of “jump” seems to appear.
This only follows from the fact that ∆↑E is measured
from the Fe e↑g states to the Mo t
↑
2g states. The position
of the unoccupied Mo t↑2g states does not change.
This result contradicts Lu et al. [34], who observed
instead a half-metallic state with a spin transition from
high spin to intermediate spin of the local moment at the
Fe ion. Hence, we present also calculations with the FSM
method including correlations corrections via GGA+U
(right side of Fig. 3). The combination of FSM and
GGA+U allows to determine accurately the magnetic
ground state of SFMO. For compressive biaxial strain,
we neither observe a spin transition nor a half-metal to
metal transition (Fig. 3h). The Fe e↑g states are now
much further below the Fermi energy and 10 % compres-
sive strain is not enough to shift them far enough. We
can only guess that the spin transition could be another
local minimum in the energy landscape of SFMO, while
the FSM methods ensures the correct magnetic ground
state.
On the other hand, the spin transition in the tensile
strain region at ∼ 5 % (marked with a vertical dashed
line in Fig. 3h), which is as well reported by Lu et al.
[34] for ∼ 7 %. seems to be a stable magnetic phase
transition. While the exact biaxial strain value of the
transition may vary with the FSM treatment, the ferri-
magnetic state becomes ferromagnetic (FIM-FM transi-
tion). The magnetic moment of Fe ions decreases from
3.95µB/f.u. to 3.50µB/f.u., while the Mo ions go into a
low-spin state [34] and their local moments align each
other parallel with the magnetic moments of the Fe ions
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(Fig. 3e).
Hence, we can conclude that the observed variations
in the electronic and magnetic properties are rather
small and not yet relevant in experimental conditions for
SFMO (moderate strain values of −4 % to 4 %) [13]. Nev-
ertheless, we can observe an important effect of biaxial
strain for the formation of point defects demonstrated in
the next section.
V. POINT DEFECTS IN SFMO WITH BIAXIAL
STRAIN
Using the supercell consisting of 2 × 2 × 1 tetragonal
unit cells and 80 atoms (Fig. 1c), we calculated the defect
formation energies of different point defects D following
Nayak et al. [51] and considered in addition a strain ε de-
pendence as Eform(D, ε). We briefly recall the technical
details of determining the defect formation energy from
the DFT total energies in the Supporting Information.
We considered besides common defect configurations
such as oxygen vacancies (VO) and antisite disorder
(ASD) also cation vacancies of Mo (VMo), Fe (VFe), Sr
(VSr), as well as non-stoichiometric disorder – a Fe ion
at a Mo sublattice (FeMo) or a Mo ion at a Fe sublattice
(MoFe). We took also into account the two nonequiv-
alent oxygen positions, in-plane (Oxy) and out-of-plane
(Oz) (Fig. 2), since the properties of the corresponding
vacancies, VOxy and VOz , respectively, might change con-
siderably, as shown for CaMnO3 [35]. We note that the
absolute values of formation energies are limited to the
choice of the chemical potentials µi, since the chemical
potentials exactly suitable to the experimental growth
conditions are unknown. Here, we chose the chemical
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FIG. 4. (Color online) Defect formation energy of defects in
unstrained SFMO (ε = 0) for varying oxygen partial pressure
at T = 1050 ◦C. The relative chemical potential is shown at
the upper axis. The legend is given above the figure.
potentials of the respective oxides for all the chemical
elements in SFMO (SrO, Fe2O3, MoO2) and the oxy-
gen rich condition µmaxO for the oxygen chemical potential
[40]. In addition, the oxygen chemical potential can be
varied as a parameter in order to simulate experiments
at different oxygen partial pressure using thermodynamic
considerations [40, 51, 52]. The results are straight lines
with the slope ∝ ∆µO = µO − µmaxO and Eform(D, ε = 0)
at ∆µO = 0 (Fig. 4). While the formation of metal va-
cancies VFe, VSr and VMo is extremely “easy” due to
the negative Eform(D, ε,∆µO = 0), it is not surprising
that both types of oxygen vacancies VOxy , VOz (reddish
lines) are less probable in the oxygen rich regime. With
less oxygen partial pressure, the formation energy of all
metal vacancies increases and their appearance gets more
unlikely. Just at very low partial pressures (∼ H2/Ar
atmosphere), the formation energy of oxygen vacancies
becomes comparable with the one of ASD. Hence, the
relative probability of point defects are very sensitive to
the exact experimental conditions.
We are well aware of other choices for reference chemi-
cal potentials of multicomponent compounds using, e.g.,
the concept of constitutional defects developed by Ha-
gen and Finnis for ordered alloys [53], which was applied
for Sr2FeMoO6 [19]. There the extreme case of Mo rich
(MoFe) or Fe rich FeMo was used as references [19], which
makes a direct comparison complicated and we restrict
ourselves to the comparison of the electronic structure as
discussed above.
At first, we verified for strain free SFMO that GGA
and FSM are applicable and we can avoid computational
heavy calculations with, e.g., hybrid-functional methods,
which might raise problems for the calculations of de-
fect formation energies or need postprocessing as dis-
cussed in [51]. In particular, the choice of a specific U
for GGA+U calculations cannot be simply transferred
to any of the reference systems used to determine the
formation energy. Hence, we crosschecked again the elec-
tronic structure including now the different defects in the
supercell. We observe that in agreement with other the-
oretical studies [19, 20, 22] only in the case of oxygen,
iron, or strontium vacancies, no additional states form in
the spin up channel at the Fermi energy and the DOS
remains half-metallic [40].
The formation energies at biaxial strains follow then
by considering total energies of the relaxed supercells in-
cluding defects, scaled with respect to the defect-free,
ground state total energy for a series of moderate biax-
ial strains (−6 % to +6 %). We note that for compressive
strains < −4 %, the observed spin transition, discussed in
the last section (Fig. 3), might cause also changes in the
formation energy, which would be hard to separate from
purely strain mediated effects. Different oxygen partial
pressure just scales all lines by an additive term depend-
ing on the respective chemical potentials with ∆µO or
pO2 (Fig. 4). Hence, we obtained that the applied biax-
ial strain lowers for both oxygen vacancy types – VOxy
and VOz – the formation energy and increases the proba-
bility of oxygen vacancies, with a more pronounced effect
on the out-of-plane oxygen vacancy VOz (Fig. 5a). This
observation is in contrast with the results obtained for,
e.g., CaMnO3 [35], but we can also expect rather differ-
ent intrinsic strain relaxation mechanism in the largely
distorted perovskite structure of CaMnO3 and the less
distorted SFMO structure. The latter seems to compen-
sate the compressive strain along the z axis in the tensile
regime with more oxygen vacancies in the out-of-plane di-
rection, while it becomes opposite for larger compressive
strains ε ≤ −5 % (maybe influenced by the spin tran-
sition). Nevertheless, we can state that the oxygen va-
cancy formation is easier in biaxial strained films. This
will be an advantage not only for solid oxide fuel cells but
also for the magnetic properties of SFMO, since we found
recently that the Curie temperature can be strongly en-
hanced by oxygen vacancies in SFMO [37].
On the contrary, the formation energies of antisite de-
fects increase for a large range of biaxial strain, e.g., (in-
crease of Eform(D)) by +386 meV and +78 meV for com-
pressive or tensile strains ε±3 % (Fig. 5). It only becomes
reduced by −48 meV for small tensile strains in the range
of 0 < ε < 3 % and gets again larger for tensile strains
> 2 %. That means that, in terms of applications, biaxial
strained films should be more ordered and better samples
for spintronic applications [13]. This can be related to
already made experimental observations on ASD. Vari-
ous experiments investigated the A site substitution in
double perovskites (A2BB
′O6) and its influence to mag-
netization, spin polarization, ASD, etc. Chan et al. [16]
found a chemical pressure in SFMO, when substituting
Sr with Ca, which caused an increase in magnetic mo-
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FIG. 5. (Color online) Formation energies of defects in dependence of biaxial strain and three different oxygen partial pressures.
The legend is given above the figure. VMo is out of range in figure (c).
ment but also an pronounced decrease in ASD. Hence,
compression can, besides the chemical variations from Sr
to Ca, reduce the number of anti-site defects. Kahoul
et al. [18] observed on the other hand an increase in the
lattice constant of SFMO, when doping Sr with La, and
this raised also the measured amount of ASD. Although
the effects of chemical substitution could overlay effects
caused by a lattice constant variation, these experiments
include hints of our theoretical observations.
Considering the other defects, we found that VSr, VFe
and MoFe are less influenced by the biaxial strains −3 %
to 3 %. Only Eform(VSr, ε) lowers considerably (−1 eV)
for larger tensile strains, which then favors VSr over VFe
(Fig. 5a). Moreover, ASD can be considered as a defect
complex of the two non-stoichiometric defects – MoFe and
FeMo. The average of their formation energies taking into
account the oxygen chemical potential properly matches
the one of the antisite defects. The high formation en-
ergy of MoFe is however surprising, because we would ex-
pect substitution of Fe with Mo much more likely, since
SrMoOx is a typical impurity phase when growing SFMO
films [54, 55].
This discrepancy is resolved when we consider lower
oxygen partial pressures, e.g., at ambient air pressure
(Fig. 5b) or almost vacuum (Fig. 5c). Not only become
VOxy more and VMo less likely, also all formation energies
shift to positive formation energies at ε = 0. The latter
means that there are no spontaneous vacancies anymore
and SFMO is indeed stable. Only at large tensile strains,
Eform(VSr) still gets below zero. This means that biax-
ial strains can significantly alter the energy landscape
– the relative order of the defect formation energies or
their crossing points (better visible in Fig. 4). The low
Eform(VSr) also means that VSr are very likely to appear
in SFMO for a large range of experimental conditions.
Therefore, Sr vacancies could be more important than
earlier expected and might also deteriorate the magnetic
properties of SFMO [56]. Also the formation of Mo ox-
ide impurity phases is more likely at ambient air partial
pressure – Fe vacancies form easily and can be filled by
Mo (MoFe).
When going to lower partial pressures, antisite defects
become the most likely defect (Figs. 4 and 5b) and only
for partial pressures smaller than 10−16 bar oxygen va-
cancies will be the most probable defect type (Fig. 5c).
Then, non-stoichiometric Mo at an Fe site has an almost
similar probability to form than an antisite defect. This
means that SrMoOx impurity phases are even more likely
close to vacuum.
VI. CONCLUSIONS
We showed that realistic biaxial strains will have a pro-
nounced effect on the point defect profile of oxide ma-
terials – here Sr2FeMoO6 – via a strong influence on
the defect stability (Eform(D, ε) varies by ∼ 0.2 eV per
1 % strain). The half-metallic ground state of defect-free
8SFMO will be preserved at moderate strains, but the
relative order of formation energies for different defects
might be altered, e.g., VFe vs. VSr; or VOxy vs. VOz .
Most interestingly, the amount of antisite defect for-
mation can be reduced in compressively strained SFMO
films and oxygen vacancies will form much easier under
both strains – compressive and tensile. Latter defects are
crucial for solid oxide fuel cells or can enhance magnetic
properties in SFMO [13, 37].
Taking into account also the oxygen partial pressure
as an experimental parameter offers another degree of
freedom for the defect formation energies. Our numer-
ical results at partial pressures matching air or vacuum
atmosphere can be compared directly with experimental
measurements. We found that VSr are very likely over a
large range of partial pressures, while oxygen vacancies
become most likely only for very low partial pressures
< 10−16 bar. Hence, we have demonstrated the poten-
tial of targeted first-principles calculations in designing
strain-defect engineering processes for the tuning of the
properties of SFMO or other oxides.
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A. VASP parameters
As exchange correlation functional, we used the generalized gradient approximation
given in the Perdew-Burke-Ernzerhof (PBE) [1] form shortly noted as GGA. The projector
augmented-wave (PAW) [2] method chosen for the treatment of core electrons yields a bet-
ter ground state structure for oxide materials. The plane-wave expansion of the electronic
wavefunctions was cut-off at the kinetic energy of 400 eV. The internal parameters and the
lattice parameter c were allowed to relax using the conjugate gradient algorithm until the
forces were smaller then the tolerance value of 0.001 eV/A˚. Atomic coordinates in tetragonal
unit cell as a result of structural relaxation are given in Tab. I. We used a k-point mesh
of 8 × 8 × 6 within the Monkhorst-Pack special k-point scheme for the tetragonal cell and
a 4 × 4 × 6 k-point mesh for the supercell to span the irreducible Brillouin zone [3] (see
structures in Figure 1 of the main manuscript).
We calculated the elastic tensor for Sr2FeMoO6 (SFMO) from evaluations of the stress
tensor generated by small strains [4].
B. Density of States in defect-free Sr2FeMoO6
As shown already in many other theoretical papers, the density of states of SFMO reveals
a half-metallic state (Fig. 1). However, the appearance of the band gap in the spin up channel
in the numerical calculations is very sensitive to the particular numerical framework: One
of the first calculations for example simply obtained half-metallic density of states [5]. On
the other hand, the microstructure and the position of the oxygen ions with respect to
the Fe and Mo ions seems to be crucial for the spin up band gap [6]. Lately, adding
correlation corrections via DFT+U approaches are named as the right tool in order to obtain
half-metallicity [7–9]. Using the fixed spin moment approach and a generalized gradient
approximation (GGA) exchange-correlation functional only, we obtained the half-metallic
ground state with a total magnetic moment of 4µB/f.u.. The structural properties resemble
very well experimental findings as discussed in the main manuscript.
Here, we want to emphasize on the density of states. The spin up band gap is for defect-
free, unstrained SFMO 1.3 eV, measured between the unoccupied Mo t↑2g and the occupied
Fe e↑g (Fig. 1). The position of the unoccupied Mo t
↑
2g explains also the ”jump” of the spin
2
TABLE I. Structural relaxation of the tetragonal unit cell of unstrained SFMO (ε = 0) with FSM
method and PBE functional. Lattice constants are a = b = 5.5522 A˚ and c = 7.9013 A˚. Internal
positions are scaled with the respective lattice constants.
site x y z
Sr 0 1/2 1/4
Sr 0 1/2 3/4
Sr 1/2 0 1/4
Sr 1/2 0 3/4
Fe 0 0 1/2
Fe 1/2 1/2 0
Mo 0 0 0
Mo 1/2 1/2 1/2
O 0.210 31 0.278 68 0
O 0.789 69 0.721 32 0
O 0.721 32 0.210 31 0
O 0.278 68 0.789 69 0
O 0.710 31 0.778 68 1/2
O 0.289 69 0.221 32 1/2
O 0.221 32 0.710 30 1/2
O 0.778 68 0.289 69 1/2
O 0 0 0.244 98
O 0 0 0.755 02
O 1/2 1/2 0.744 98
O 1/2 1/2 0.255 02
up band gap described in the main manuscript. In the spin down channel, the Mo t↓2g and
Fe t↓2g hybridize creating states at the Fermi energy. Applying an Hubbard U of 4 eV shifts
the Fe e↑g downwards and increases the spin up band gap to 2.4 eV. This is of the same order
as obtained by earlier calculations [8, 9], although the value is given as ∼ 1.9 eV by Lu et al.
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FIG. 1. Spin-resolved local density of states (LDOS) of unstrained and defect-free SFMO calculated
with VASP.
citeLu2014ssc (the value seems to be counted only until the Fermi energy).
Although the spin up band gap in our case is rather small in comparison with other
reports, the comparison with experimental values (0.5 eV, 1.3 eV) shows a good agreement
[10, 11]. The first one represents an optical measurement, while the second experimental
band gap follows from photoemission spectroscopy. Of course, we have to consider also a
thermal broadening of the electronic states with increasing temperature when comparing
the size of the theoretical and experimental band gap.
C. Electronic Properties of Point Defects in SFMO
Now, we consider also point defects in SFMO and calculate the band gap (Tab. II).
As in the defect-free case, the Fe-e↑g states become more localized with GGA+U and an
already existing spin up band gap only widens by roughly 1 eV (Tab. II). Only for the non-
stoichiometric defect FeMo (additional Fe at a Mo site), a spin up band gap opens within
the GGA+U , because the states of the additional FeMo become more localized.
D. Formation Energy
The formation energies provide a way to map the ground-state DFT calculations to the
thermodynamic conditions accessible in experiment, and the relative comparison helps in
judging the relative stability of various defects at a given environmental condition. We
4
TABLE II. Half metallic band gaps (∆↑E) of unstrained SFMO (ε = 0) including defects.
∆↑E (eV)
configurations GGA GGA+U
defect-free 1.3 2.4
ASD 0.0 0.0
VOxy ,VOz 1.1 2.3
VMo 0.0 0.0
VFe 1.2 2.2
VSr 1.3 2.2
FeMo 0.0 2.0
MoFe 0.0 0.0
calculated the formation energies in dependence of strain as [12]
Eform(D, ε) = E(D, ε, q = 0)− EHost(ε) +
∑
i
piniµi . (1)
Therein, E(D, ε, q = 0) and Ehost(ε) are the calculated total energies of the supercell in-
cluding defect (D), which is uncharged (q = 0, notation dropped in the following), and the
host supercell of equal size under the influence of the strain ε, respectively. Equation (1) is
balanced using the chemical potentials (µi) of the elemental species (i). Since the energy
dependence of the chemical potentials with strain was negligibly small compared with the dif-
ference between the total energies of strained bulk elements and their respective equilibrium
structure (below 0.2 eV), we approximated the chemical potentials as strain independent
Their variatione were not affecting the overall trend of the formation energies. In Equation
(1), the number of defects is ni and the factor pi is either −1 or +1 for atoms added to or
removed from the host supercell in the process of constructing the defect supercells [12, 13].
We took the chemical potentials used in (1) from the respective oxides of all the con-
stituent metal elements. This means the total energy of SrO in the NaCl structure by
µSr + µO = E(SrO) . (2)
and of Fe2O3 and MoO2 ground state bulk phase for µFe and µMo, respectively. The chemical
potentials of oxygen µO was derived from half of the total energy of the oxygen molecule in
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oxygen (∆µO) at T = 0 K and 1050
◦C. The estimation is done by using (4) together with the
absolute value for the oxygen chemical potential at O-rich condition set to zero [12].
the same volume as the supercell, i.e.,
µmaxO =
1
2
E(O2) = −4.916 eV , (3)
which is considered as the oxygen rich limit.
However, the extremely rich case is not realized in experiments and the respective oxy-
gen chemical potential will be reduced at experimental conditions. This can be seen from
the thermodynamic relation between the oxygen chemical potential and the oxygen partial
pressure (pO2) at a given temperature following the idea of Refs. [12, 14]
µ(T, pO2) = µO(T, p
◦) +
1
2
kT ln(
pO2
p◦
) , (4)
where p◦ is the standard pressure of 1 bar. The values of µO(T, p◦) are calculated from the
entropy and enthalpy of a oxygen molecule [14]
µO(T, p
◦) =
1
2
[H(T, p◦,O2)−H(0 K, p◦,O2)]− 1
2
T [S(T, p◦,O2)− S(0 K, p◦,O2)] . (5)
Both quantities are listed in NIST-JANAF thermochemical tables [15]. In order to link
the value of µO in Eq. (3) to the thermodynamic expression of Eq. (4), we choose a com-
mon reference µO(0 K, p) = µ
max
O and defined the variation of the chemical potential as
∆µO(T, p) = µO(T, p) − µmaxO , which becomes ∆µO(0 K, p) = 0 eV (Fig. 2). Finally, we
assumed a temperature of T = 1323.16 K = 1050 ◦C, which is typically used when growing
6
epitaxial SFMO films [16–18]. We derived for µO(T, p
◦) = −1.516 27 eV from the linear
interpolation of equation (5) between 1300 K to 1400 K (Fig. 2).
With these equation, we could express the formation energy of the defects as a function
of the oxygen partial pressure at different temperatures and obtained following equations
Eform(VO, ε) = E(VO, ε)− EHost(ε) + (∆µO + µmaxO ) , (6)
Eform(VSr, ε) = E(VSr, ε)− EHost(ε) +
[
E(SrO)− (∆µO + µmaxO )
]
, (7)
Eform(VFe, ε) = E(VFe, ε)− EHost(ε) +
[1
2
E(Fe2O3)− 3
2
(∆µO + µ
max
O )
]
, (8)
Eform(VMo, ε) = E(VMo, ε)− EHost(ε) +
[
E(MoO2)− 2(∆µO + µmaxO )
]
, (9)
Eform(FeMo, ε) = E(FeMo, ε)− EHost(ε) +
[
E(MoO2)− 2(∆µO + µmaxO )
]−
− [1
2
E(Fe2O3)− 3
2
(∆µO + µ
max
O )
]
, (10)
= E(FeMo, ε)− EHost(ε) + E(MoO2)− 1
2
E(Fe2O3)− 1
2
(∆µO + µ
max
O ) , (11)
Eform(MoFe, ε) = E(MoFe, ε)− EHost(ε)−
[
E(MoO2)− 2(∆µO + µmaxO )
]
+
+
[1
2
E(Fe2O3)− 3
2
(∆µO + µ
max
O )
]
, (12)
= E(MoFe, ε)− EHost(ε)− E(MoO2) + 1
2
E(Fe2O3) +
1
2
(∆µO + µ
max
O ) , (13)
while stoichiometric defects remain constant
Eform(ASD, ε) = E(ASD, ε)− EHost(ε) . (14)
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